Autologous fat grafting is increasingly employed to address volume asymmetry and contour irregularity following breast reconstruction for breast cancer. However, there are no well-established objective tools to accurately measure change in graft volume and breast shape over time. Three-dimensional (3D) surface imaging allows for objective analysis of changes in breast shape and size, which clinicians and researchers can use to evaluate the effects of fat grafting. This study presents several measurements (Gaussian curvature, shape index, surface orientation, and volume) that can be extracted from 3D surface images of patients. These measurements are demonstrated on three patients (two patients after implant reconstruction and one after bilateral mastopexy) before and after fat grafting. The results of this study can help pave the way for clinicians and researchers to develop standardized metrics for objectively evaluating fat graft processing techniques. Using the proposed measurements, we were able to evaluate key shape and size differences in the 3D surface images before and after fat grafting.
Introduction
Autologous fat grafting is increasingly employed to address volume asymmetry and contour irregularity following breast reconstruction for breast cancer. One challenge clinicians face is the highly variable reported rates of graft resorption. Clinical outcomes studies are limited in patient volume, retrospective design, and poorly defined outcome measures. Furthermore, there are no well-established objective tools to accurately measure change in graft/breast volume and breast shape over time.
Previous studies have qualitatively or semi-quantitatively assessed various fat grafting techniques to determine which technique had the best outcomes and the highest retention rates [1] - [3] . Other factors, such as radiation therapy and reconstruction procedures, affecting volume retention rates have also been studied [4] . Many studies have used unique measures, such as the fat graft weight [1] and volume [4] , [5] , soft tissue thickness [3] , number of complications and number of injections [6] , and cellular integrity [2] . Surgeons and patients may also be given a custom evaluation scale to rate outcomes, such as pigmentation, vascularization, pliability, thickness, itching, pain, and overall satisfaction [2] , [7] . In this study, we propose objective metrics to evaluate breast shape and volume over time.
Study Sample
Three consented breast cancer patients, who already underwent their primary breast reconstruction procedure, were imaged before and after fat grafting at The University of Texas MD Anderson Cancer Center. Three-dimensional surface torso images were captured using a stereo-photogrammetric imaging system (3dMDTorso, 3dMD Inc., Atlanta, GA). During imaging, the cameras were at a fixed distance from the subjects, and all subjects were standing upright with their arms stretched out to the sides to avoid camera obstruction. Demographic details of the three subjects are shown in Table 1 . Patients A and B had implants that were placed subpectorally ( Fig. 1 and Fig. 2 ). Patient C had an earlier mastopexy for cosmetic reasons, and later underwent a lumpectomy (Fig. 3) . 
Image Cropping and Alignment
Each 3D surface image was manually aligned to the front forward facing pose such that the torso height was along the y axis, width was along the x axis, and the breasts projected along the positive z axis. Then the images were manually cropped, removing the arms, neck, and lower torso, using software developed in our lab to visualize and perform measurements on 3D images of the torso. Next, the pre-and post-fat grafting images for each patient were manually registered by visually aligning the sternal notch, the lateral sides of the torso, the midline, and the inframammary fold (if visible) through translation and rotation of the post-graft image with the pre-graft image as the reference.
3D Measurements
Following alignment, Gaussian curvature, the shape index, and the surface orientation [8] were computed for each vertex in the cropped images. To evaluate any changes in breast shape occurring due to the fat grafting procedure, difference images were created based on the computed values of curvature, shape index and surface orientation. To compute differences, each reference vertex in the pre-image was evaluated against the closest vertex (as determined by the Euclidean distance), in the aligned post-image(s). The difference image was normalized such that intensity values from 0 to 255 represent changes, with no change shown in black (0), and maximal change shown in white (255).
Gaussian curvature was computed using a toolbox developed by Peyre [9] based on algorithms proposed by Cohen-Steiner [10] , [11] . A 10-ring neighborhood, as suggested by the author, was used to calculate the curvature tensor. The surface orientation is defined for each vertex as the angle between the outward surface normal vector of the vertex on the surface mesh and a forward-pointing vector (positive z direction). These angles can range from 0 to 180 degrees.
Demarcation of the Fat Graft Region of Interest (ROI)
The fat grafted regions were manually demarcated on the post-graft images for the three patients by a plastic surgeon. The outlines were then superimposed on both the pre-and post-graft images to show changes specific to the fat grafting region. Boundary points were manually defined on the images following the outlines, and Dijkstra's shortest path algorithm was used to connect the boundary points. The vertices within the defined boundary points were labeled as the fat graft area.
Breast Volume Computation
For volume computation, four points, enclosing the entire breast, were manually located for each breast at the anterior axillary point, lateral point, a point along the midline above the breasts, and a point along the midline near the medial side of the inframammary fold. Volume was computed using the method described in [12] , which uses a generated Coons patch to represent the chest wall, and the space between the breast mesh and the Coons patch is measured as the volume.
Results and Discussion
A previous study by Losken et al. [6] noted that, in the majority of cases, fat was injected to the upper pole of the breast in implant reconstructed patients in order to provide a more natural transition between the upper chest wall and the implant. The second most common location of fat injection was the medial quadrant. The patients presented in this study also had fat injected mainly in the upper and medial quadrants of the breast. One patient had fat injected in the lateral quadrant of the breast.
The volume of the entire breast mound was computed but was not found to show large differences for Patients A and B ( Fig. 1 and Fig. 2 ). However, Patient C, who received the highest fat injection volume, showed a large volume difference (Fig. 3) . Assuming volume changes were due to the injected fat alone, fat volume retention was below 25% for all three patients. Breast volume in Patient A increased by 15 cc in the left breast one month after 100 cc of fat was injected, indicating a 15% retention rate after 1 month, and then decreased by 2 cc after another 5 months (13% retention rate). For Patient B, 19 days after 60 mL of fat was injected to each breast, a 21 cc volume increase in the right breast and a 19 cc volume decrease in the left breast were observed. Interestingly, the volume measured before the fat injections and 3 months after the fat injections were the same for Patient B, suggesting zero fat retention. Patient C had the most notable change in volume with an 80 cc volume retention out of the 360 cc (22.2%) injection to the left breast. These results conform with what is reported by Losken et al. [4] , who suggested that patients receiving greater volumes of fat injection show higher retention rates.
As seen in Figures 4 to 6 , the normalized difference in the Gaussian curvature between the pre and post fat graft images can be used to visualize changes in breast shape due to fat grafting. Differences in the surface curvature (white) can be seen in the fat graft area (delineated by the red outline) for the patients. The lower medial side of the breasts for Patients A and B appear to show the most changes in Gaussian curvature at the first time point after fat grafting, with a gradual reduction in the amount of change over time. Patient C did not show much change in Gaussian curvature compared to the first two patients. It should be noted that this approach also highlights differences that can occur due to changes in posture, weight, and breathing as well as image misalignment. Unlike Gaussian curvature, the shape index and surface orientation images show changes throughout the fat graft region without any particular area of concentration. 
Fig. 2. Patient B, who previously underwent bilateral implant reconstruction, was imaged before fat grafting (pre-image) and after fat grafting (post-images

Conclusion
The objective metrics demonstrated in this study using three-dimensional surface images were able to reveal visual changes in breast shape in the regions that were fat grafted. The breast volume was also measured to evaluate fat retention over time. Although changes were observed in the volume of the breasts before and after grafting, it should be noted that changes in volume less than 50 ml are difficult to precisely quantify because small changes may also occur due to variations in landmark point selection, breathing, posture differences, weight changes, and other factors. As opposed to measuring the entire breast mound volume, future analysis can restrict volume measurements to the specific regions of the breast that are fat grafted to monitor changes in breast shape and rates of graft resorption. Further analysis will advance our understanding of breast shape and volume change following the procedure, improving the overall outcomes and expectations of fat grafting in breast reconstruction.
